
Oncogenes Come of Age 

It is now about 30 years since the ce1lul.r progenitors 

identified in vertebrate ganames (Stebelin et al. 1976; 
Rosenberg and Jolicoeur 1997), and over 20 years since 
mutant vcrsioas of such gmes wcrc firet diecoMnd in 
human cancers. In the past two decodes, tbc list of mutant 

of retroviral oxqenCS, the firet -, were 

in human t u m ~  hss g r o ~ n  -ti- 
cally; many genes bclongiig to 8t least two othcr catc- 
gorics-tumor suppmwm and govemars of genomic in- 
tegrity-haw been implicated in carcimpmii, and the 
proteins eacoded by such genes have been extensively 
characterized. These developnents have set th stage for 
more rational approacbs to the detection, diagnosis, 
classification, treatmtnt, and prevention of human can- 
cers. Yet the most common and most W of these& 
cases are still inadequately controlled with traditional 
methods (Cbemothaagy and rrdiation), which do not take 
advantage of our new understanding of cancer at the 
molecular level. 

In this survey of recent work fiom our laboratgr and 
XtUiUym WCCIIl~iZCevideacethatencouragesthC 
beliefdrat therapies targeted against the spscific genetic 
damage present in each cancer, especially therapies af- 
fecting proteins encoded by mutant pmboncogcnes, ace 
likely to haw inamsingly prominent rdes m future ef- 

quire a hlkrdescriptioa of cllllccf - through a 
nationally coordimtcd effort; a better uadsrstanding of 
signaling pathways altered by oncogenic mutations; a 

genes in a single turnor; more drugs and sntl‘bodies that 
countcc the effects of such mutatks, in pert to pmvent 
the emergeace of drugresistance; and amore refined de- 
scription of how tumors p r o p s  as a conqumx of 

We address these issues by conaidering mutant proto- 
oncogenes in several m o m  models of human cancers 

forts to control cancer. Reaching this objactive will re- 

decperpicsureofintenctioasamongthemultipkcaMm 

changes within cancer cells and the miaomviromneat. 

and, in at least one case, a human disease, adenocarci- 
noma oftbe lung. Oneoverridiagnotimthat we stress is 
the idea that oncogam arc not required to initiate 
and maintain tumor gtowth; in several umtcxts, coatin- 
uadexprwsion ofmutant aroo~~enes is mpid to main- 

pendence”providcsan impact.ntnlhlaabilitythatsoav 

(Gleevec) and other inhibitors of prdein-tyrosine ki- 
nase-ffectively exploit. Since differrnt types of tu- 
morscanbedependentontheauneorsimilaroncoseaes, 

tain the viability of tbt cancer cell. such “cmcogc!ue &- 

drugs already in clinical ust-most obviously inlatinib 

and, convenely, histologicrlly imwqduhk Qlmas 
fiom the same organ o h  depend on different onto- 
gmes, it is essential that tumor genotypes be p i r e l y  
and fully d c t e r m i  We contend that much of contem- 
porary cancer research should now be directed toward 
definingthe moloculutrvgets and thempeutic agcats that 
show pnnnisc of pFoduciag ‘Smatinib equivalents” for all 
forms of human cancer. 

ONCOGENE DEPENDENCE IN CANCER 

Vim1 Mutants 

idea that camxrsaredependmt oncontinuedp 
duction of an onqa t i c  protein has its most exp l i i  ori- 
gin in classic studies of a kmpatumdtiw mutant of 
the src gene of Rous ranwrmr virus (RSV) ( M a t h  1970). 
The0ee;rqmimCnts not d y c k a r l y  sqnuatulthe one+ 
gtnicfmmthereplicativefuactionacgenes)ofRsv;they 
also sbowbd that the viral oncogme (v-src) was requirad 
to maintain as well as to initiate the t r a n s f d  state. 

Man recent studies with transgenic mice that express 

madeadnmaticpoint: Aftertheancogcnn,archunedon 
and tumors cmergc, Urtinction of wrpression o h  lcpds 
to rapid disrppeanurce of the tumor, as a result of apopto- 

o ~ l m d a t h e c o ~ o f r e g u l a t a d p n r m o t r m h a v e  
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sis, differentiation of the cancer cells, or disappearance of 
vascular endothelial cells (Table 1). For example, about 5 
years ago, our group umtmded mice in which a mutant 
transgCnC fOnn Of the Kirsten Rar gCne (K-RasG”D) is 
regulated by a t e t r a c y c l i  t transcription factor 
encoded by a second lung-specific transgene (Fisher et al. 

lung at levels similar to the endogenous n o d  K-Ras 
gene, when a tctracyclint analog, doxycycline, is pro- 

mal, and the mutant transgene is silent in the absence of 

2001). Using this ~ystmn K - R U S ~ ” ~  is e& in the 

vided in the diet.  lung^ fiom Such animaln ap~ear 11ot- 

the antibiotic. Uthe mice arc mainta i i  on doxycycline, 
foci of hyperplastic cells appear throughout the lung 
fields a h  about a month; by 2-3 mondld of doxycycline 
adminstration, adenoma and ademcaminomas apjmr at 
multiple sites. If, however, doxycycline is then with- 
drawn, levels of mutant K-Rar RNA (and presumably 
protein) fhll precipitously, and the tumor cells display 
signs of programmed cell death; as a result, the tumors 
disappear within 3-7 days, as judged by magnetic reso- 
nance imaging or by histupatblogy, and do not tccuf in 
the absence of drug (Fig. 1A). 
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To ask whether this spparent oncogene de!pcn&mx oc- 
curs only in the absence of other oncojpk mutations, we 

the tumor suppressor gmcsp53 or fhk4u/Ar$ Under these 
conditiolts, adcn~rcinomos sppwbd more rapidly, m- 
ally within a month after doxycycline bductk, but again 

doxycycline was withdrawn (Fw. IB). Th\y dependarce 
of the mouse lung a&nosarcinomss on the initiating K- 
Ras oncogene is wt relicvad by additional mutations in 
important tumor suppmwr genes. 

Our K-h-depcndcnt lung cancer model and many of 
the other doxycycline-inducibk mourre models listed in 
Table 1 prompt a general commcllt abuut o~coge~c de- 
pendence. It seems fnrm these studies th.t cells that were 
at om time fully viable in the absence ofthe product of 
each inducible oncogene have become “imbalanced” in 
some way, so that sudden deprivation of tbe oncogem 
product now triggers an event-apptom * ,diffmtiation, 
or loss of angiogenic Signab-tbt kads to tumor EpS- 
sion. Understanding such imbalances and their conse- 
~uences cwld otik new ways to interkc with signaling 
dowasscam of an oncogenic activity. Particularly in the 
case OfRQSgenes, which arc mutant in about athirdofhu- 
man hunor% but for which no effective targeted inhibitor 
has been found, such insights might be an knportant step 
toward improving therapies of common human cancers. 

reptatod thee- in mice lamwntobe deliciit in 

quickly regressed by an npoptdic mddwlsm whenthe 

Cancer Therapies in Patients 

An example of dramatically improved therapy for a hu- 

oncogene dependence. As discussed elsewhere (see 
Sawyers, this volume), the use of imatinib-e potcnt in- 
hibitor of at least three protcin-tyroeim kinases, including 
ABL (and its mutant form BCR-ABLbfor the trtatment 
of chronic myeloid leukemia (CML), a leading form of 
adult leukemia, rapidly reverses the hematological and 
Symptomabc . manifestations of the disease and maintains 
remissions for up to 5 years and more, especially when 
therapy is begun during early stages of the disease (for re- 
view, see Dcininger et al. 2005). The apgearance of sec- 
ond-site mutations in the kinase domain of BCR-ABL 
that confer imatinib resistance (Gorn et al. 2001) consti- 
tutes p o w d  evidence that the dmg resparse is indeed 
due to the dependence of the leukmk cells on mutant 
ABL kinase activity. Strategies besod on these mutations 

sistance (Shah et al. 2004; Burgess et al. 2005; Carter et 
al. 2005; Gumireddy et al. 2005; Sawyers, this volume). 

Several other human cancers, including solid tumors, 
bearing changes in ABL-or mutations in the other two 
genes, CKIT and PMFR-A,  d n g  kinases known to 
be inhibited by imatinib-also respond to this drug. This 
strengthens the argument that oacogac dependence is a 
general phenomenon, affecting solid aad liquid cancers. 
Thus, therapeutic responses in human pticnts, not just 
regulated expression of transgems in mice or tempera- 
ture-sensitive mutant oncogenes in cell ahme, provide 
important evidence for oncogene dependence. 

man cancer underscores theimporEeoce of the collccpt of 

arc now being pursued to prevent or O V ~ o m C  dmg re- 

EVIDENCE FOR EGFR ONCOGENE 
DEPENDENCEINHUMANLUNG 

ADENOCARGINOMA 
Two small chemical inhibitom of the EGFR tyrosine 

kinare, gefitinib (Ircssa) and dotinib (Taram), were 

(Fukudra et al. 2003; Krb et d. 2003) before it was RC- 

mutations in the EGFR gene (Lynch et al. 2 W ,  Paez et 
al. 2004, Peo et al. 2004). Tbe mxnt discovery of such 
EGFR mutations offers a strikiq exampk of how drug 

a mutant oncogene. 
Non-smalloell lung cancer (NSCLC) is the leading 

cause of cancer death worldwide (Parkin et al. 2005). In 
about 10% of Ppsiencs in du U.S. and Europe with adeno- 
carcimnna of the lung, the. most common hm of NSCLC, 
rapidpaialremi~occwwhentbesedrugsarcused, 

tcskdforefficacyinhumrnhtagcaKxrforsevmlyeors 

ogniztdthatsan+lungcracarcrnydominualyacting 

~ i n p . t i e n t s c u r r c v e r l d e p a n d g a c t 0 f ~ r s o n  

even late in themume of- * diaea#,mdinpercslof 
A s i a t h e r e e p o n s c n u e i s ~ h i ~ ( F u h r d c a e t  
al. 2003; Kris et al. 2003). Som&mes ’ (re h w n  in Fig. 
2A)theresponee is dramrtic, manblingthetumorregne- 
sion seen in our K-Ras-W mouse model of lung c~l~cer 
when doxycycline is withdrawn (Fisha et al. 2001). 

kinasc inhibitors (TKh) might be W v a t i n g  mutant ki- 
N ~ B ~ S ,  either tht known target for these drugs, EGFR, or 

the 90 encoded in the human genome (Manning et al. 
2002). Sequencing of the coding exons of EGFR genes in 
tumors that showed radiographic rtsponscs to the TKIs 
revealed that sensitivity to gefitinib and erlotinib were 
highly associated with mutations in the EGFR kinase do- 
main (Lynch et al. 2004, Pan et al. 2004; Peo et al. 2004; 
see Thomap et al.; Haba et al.; both this volume). (For an 
exampk, see the COmputeriEed tomography scans in Fig. 
2B.) Surprisingly, these mutations arc highly idiosyn- 
cratic Nearly 90% arc eitherpoint mutations that change 
k u c i  at position 858 to arghbc (L858R) or three- to 
seven-don deletians affecting the highly cxmsewed se 
queace, LREA, that is positioned close to the ATP-bind- 
ing site in the kinase domain (for review, see Pa0 and 
Miller 2005). 
’lk biochemical, physiological, and structural conae 

quencts of h mutations and several other substitution 
mutations that have becn associated with TKI respon- 
siveness arc still under study (sordella et al. 2004; Tracy 
et al. 2004; Amrnn et al. 2005; Engelman et al. 2005; 
Giculich et al. 2005; Chen et al. 2006), but several obser- 
vations support the idea that this subset of lung adcnocar- 
cinomas is dependent on the mutant EGFR kinase. The 
mutations arc strongly associated with a measurable radi- 

observed in tumors without detect.ble EGFR mutations, 
including the 20-3096 of tumors with mutations in M A S  
(Ebcrhard et al. 2005; Pa0 et al. 2005b), the product of 
which acts “downstxam” of EGFR In addition, second- 
site mutations in one of the exons encoding the EGFR ki- 
nase domain arc obsavad in about half of dmg-resistant 
tumors that mume growth during treatment with the 

Observations like these susgestbd that the two tyrosine 

some other unsuspcctad protem-tyrosine kinase among 

ological rmponse to the -KIP; such rt%ponses arc rmly 
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ondar(ato*rrLI m z r 4 =  
Figure 2. Lung tumors with EGFR mutatioaS nspond dxamatidy to treatment with tyrosine kioase inhibitors. chest radiographs 
(A)  and Chest complterrzed . tomogmphy- images (B) showing a tumor reyronse to gelitin& (A) after 4 days of trsrtmmt and 
erlotinii (B) after 4 months of tnatmnt in two patimts, om of which is known to have a tumor with an EGFR mutation. (0 Mag- 
netic mwnancc imagea of lungs fioln a mouse expmsing the EGFR L858R mutant W o n  ( / @ p a d )  and after 4 days (rightpunel) 
of erlotinib treatment. 

TKIs (Kobayashi et al. 2005; Pa0 et al. 2005a). 
Strikingly, thcse resistance-inducing secondary EGFR 

mutations all encode the same change, thonine to me- 
thionine at position 790, a change that is strictly analo- 
gous to one of the mutations obeervad in imatiaib-resis- 
tant forms of BCR-ABL, CW", and PDGFR-A in various 
types of tumors treated with imatinib (Gone et al. 2001; 
Cools et al. 2003; Tamboriai et al. 2004; ae.e Sawyers, this 
volume). Tbe introduction of a bulky si& chain in the 
methionine residue is likely to interfere with drug bind- 
ing; screening of additional TKIs f a  their ability to bind 
to or inhibit the doubly mutant kinases have already iden- 
tified agents that are effective in the prcwnce of T790M 
and analogous mutations (Carter et al. 2005; Kwak et al. 
2005); such drugs might be used a h  primary resistance 
occurs or in combination with the first TKI to prevent the 
emergence of resistance. 
As described elsewhere (see Hillan et al., this volume), 

long-term outcomes of gefitinib or dotinib tmtment of 
EGFR-mutant tumors, as measured by survival of by time 
to tumor progression, are not as goodss those obaenadin 
the treatment of CML with imatiuii. Although a firll ex- 
planation of these disappointing nsults is not yet at hand, 
the emergence ofdrug resistance, generally withinaytar 

of commencing therapy, is likely to be part of the problan 
and may be alleviated by the use of additional TKIS. The 
relatively modest dfects of TKIs an survival may also re 
tkct the use of these drugs relatively late in the course of 
the disease, aphase more akin to the blast crisis than the 
early stages of CML, so that other onmgenic mutations 
may dampm the t h e  efficacy. consistent with this 
idea,partialratherthancompletemdii rtsponses 
tothe TKIS aretxmmody ggm in patienu, with metastatic 
NSCLC. From this Penspactive, treatwnt of e%rly-stage 
disease (e.g., adjuvant therapy with TKIs at the time of 
surgery) or fht-line b#rbment of advanced disease with 
TKIs might have more potent 

Some tumo~ with increased copy numbers of wild- 
type EGFR, as determined by fluorescent in situ hy- 
bridization, appear to be sasitive to treatment with gefi- 
tinib, since at least one group has reported a stronger 
correlation of the outcome, especially survival, with 
EGFR gene amplification than with EGFR mutation 
(Cappwzo et al. 2005). Similar results have been de- 
scribed with erlotinib (Tsao et al. 2005). It will be impor- 

and, if they p v e  valid, to understand how TKIs produce 
benefit in this situation. 

on survival. 

tant to m h  these wigs in additional, largcr studies 
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MOUSE MODELS OF EGm-DEPENDENT 
LUNG CANCER 

Building mouse models of lung cancer is a useful 
means to Chsroctenze - thedependeaceofhlngadenocar- 
cinomas on mutant EGFR, to study the mscbanism of tu- 
mor induction and r eps ion ,  to test candidate therapies, 
and to investigate mechanisms of drug msistancc. To 
those ends, we have producad a series of transgenic mice 
that encode wild-type EGFR, L858R EGFR, and an 
LREA deletion form of EGFR under the control of a 
doxycycline-responsive regulatory system (K. Politi et 
al., in prep.). Induction of the L858R mutant form of 
EGFR leads to development of diffuse hmg tumors com- 
prising cells expressing markers of type I1 pneumocytes 
and highly raniniscent of human bronchioalveolar carci- 
noma, followed by the appearslnct of multifocal adeno- 
carcinomas. The tumors rapidly regress, as observed by 
magnetic resonance imaging or histopathology, when the 
animals are deprived of doxycycline or when they are 
treated with erlotinib (Fig. 2C), demonstrating that the tu- 
mors are dependent on continued production or activity 
of the mutant EGFR. A detailed description of these lines 

duction of EGFR and to drugs, will be published else- 
where (K. Politi et al., in prep.). 

and OW, and their r e s p ~ n s e ~  to induction and de-in- 

WHAT IS LIMITING THE IMPACT OF THE 
MOLECULAR UNDERSTANDING OF 

CANCER ON PATIENT CARE? 

The widespread evidence for oncogene dependence in 
mouse models and human tumors and the results of treat- 
ment of some human cancers with TIUS, especially ima- 
tinib, provide strong grounds for optimism about control- 
ling cancer more effectively in the future. Yet the 
outcomes of most efforts to treat the common cancers 
have not changed significantly over the past several 
decades. Why is this? And what is impeding m m  dra- 
matic change? 

Defining Cancer Genotype8 

Despite the remarkable growth of knowledge about 
genes that have been implicated in carcinogenesis, we 

still have a very meager p d  of the ~enotype of most 
of the 50 or more typcs oflrumm cancer. Formmy caa- 
=types,=plotosacogartornanorsuppressorm 
is known to be abemnt (subtly mutated, delebed, rear- 
ranged, amplif or epigenetidly modikd). However, 
when d i e d  intensivdy, most tumors appear to have 
multipk altered cancer gms. F~ntbemm,  tumors that 
are histologically indistinguishable are often gendcally 
diff;erent, and important ekments in the clinid history, 
such as occupational exposum or never smoking, some- 
times cotrelpte mare strongly than histology with the tu- 
mor genotype. 

Conrider, for example, the situation with lung adeno- 
carcinoma, one of most common and W human can- 
cers. Abouta quuterofsuchtumors hawarnutant copy 
of U S ,  and this occurs d y  exclusively in smokers 
(Ahrendt et al. 2001). Similarly, we now know that about 
1oo/o have a mutant copy of EGFR, mainly in “never 
smokers” (Pa0 et al. 2004). In addition, small n u m b  of 
tumors have mutations in genes that eacode other com- 
ponents of the growth factor signal@ network: ERBB2, 
BRAF, and PIK3CA (see Fig. 3 )  (Brose et al. 2002; Neoki 
et ai. 2002; Samuels et al. 2004; Stephens et al. 2004; 
Shigematsu et al. 2005). Intereotingly, mutations in more 
than one of these genes aTc rarely encountered in a single 
tumor, implying that no Wher selective advantage is 
conferred by additional lesions afht ing this signaling 
network. However, the combined percentage of tumors 
known to have even a smgle mutation in this network is 
relatively small; thus, a mutant oncogene that might pro- 
vide a therapeutic target has not been identified in the ma- 
jority of lung adenocarcinomas (Fig. 3). Furthermore, d- 

and ZNK#A/M, is known to occur at high frasuency in 
such hunols (for review, see Forgacs et al. 2001), the in- 
fluence of tumor suppressor deficiencies on treatment 
outcomes in the context of Bpecific oncogenic mutations 
is not known, nor is the effect of mutations in additional 

The development of high-tluouglput methods for as- 
sessing mutations, changes in DNA copy number, and 
even epigenetic changes provides an oppommity to E- 
pair, at least partially, our deficient knowledge of tumor 
genotypes. The National Institutes of Health is now con- 
sidering a coordinated, long-term effort to find many of 

though loss of tumor suppssor genes, especially P53 

protosncogenes, as d i d  further below. 

n PIK3CA 
BRAF 

nc13.P 

Figure 3. Pie chart depicting the freswncy of known prnto+xqenes found to be mutated in noa-amall-cell lung cancers. As dis- 
cussed in the text, these genes all Qlcodc components of the EGFR sipding network. 
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the genotypic changes that occur with at kast 5% fre- 
quency in the 50 or so major types of human cancer(& 
NCAB Report can be f d  at http://www.garome.gov/ 
Pages/About/NACHGR/May2005NACHGRAgendd 
Reporto ftheWorkingGrouponBiomcdicalTcchnology . 
pdQ Reliminary efforts at sevaal centers to determine 
genotypes, mainly by rr-saquencing the coding ex0118 of 
genes encoding kinases, have yielded intansting d t s  
(Bardelli et al. 2003; Samuels et al. 2004; Davics et al. 
2005; Parsons et al. 2005; Stephens et al. 2005; me 
Futreal et al., this volume), but the hdinga arc not yet on 
a scale adequate to describe the molecular basis of human 
cancer in the way that will be requid for major thcra- 
peutic advances. 

FiadJng Novel Inhibitor8 of Mutut Oncogenes 

A seoondobstac~to gmakrclinical impact ofmolecular 
oncology is the dative paucity of tods that &ea potential 
therapeutic targets o t k  than protein-tyrosine kinases 
(mostly idlibitcdby small c x l a p d s )  ortmnsmemh 
proteins and their l i  (mostlybbckedbymomclonal 
antibodies). As noted earlicr, this ddiciarcy is eqecially 
acute in relation toWm\leantS, but applies also to a wide 
rangeofoocogenic~.Tlnlsfia,nearlyallbewficial 
therapieshavebeentargdagainstthcprocbctsofmutant 
genes, but it geemg leasomble to 855ulnc d r a t n o n m d  
components of &ectad signaling pathways-fix exampk. 
proteins phosphorylated by tyrosine kinases-will also 
prove to be vutnerabk to attack. 

It also seems likely to be important to understand the 
alterations that are responsible for the “imbalance” in cell 
signaling responsible for the phenomenon of oncogene 
dependence. For example, the apoptotic mponse that is 
obsened when oncogenes are down-regulated in mouse 
models is pnsumably blocked in cancer cells expressing 
oncogenes by proteins induced by the oncogenes. Such 
proteins might be attractive therapeutic targas, especially 
when the mutant onooprotein itself is rtfractory to inhibi- 
tion by small molecules. 

Minimizing Resistance to Targeted 
Cancer Therapies 

Just as drug resistance is a problem in convmtional 
chemdherapy and m treating infictious dkaws, it is al- 
1 . e a d y a p p a r e n t t h a t - ~ t a r g c e e d w ~ ~  
proteins will eventually eacounter sisnificant resistance. 
Thtencouragingnews is tbat~resisrsmxisusuallyat- 
tributabk to secaadaymiltatiars a&ctingthetargctpro- 
tein-a situation that pennits mticmal approaches to over- 
coming resistance thmughdrug agearsandprotein design. 
The goal is to develop Combinatioll thaapies not unlike 
those now in wide usc for the treatmat of HIV/AIDS, 
which greatly diminiahtheprobabilitythatresistant clones 
of cancer cells will emerge by @ sdedi. 

Coping with Mutations in MuMpk protoOaeogencs 

Most human cancers, if not all, are the products of mul- 
tiple genetic changes, but we do not yet have a fullaccount 

of the impact of additional OILoogeniC mutptions on a tu- 
mor’s dapendaKx on any &g& oncogme. Recent rhKtics 
ofmouaeamuwmoddsfiomLewis~nndhi8d- 
kagws hdicrtethat~dependeace(foriasbaoe, 
depenaenx of a motme rmmmpry tumor on a Myc trmo- 
gene) can be abcophi by secoadery muta!iotm in other 
genes, suchas adogenousller gares (D’CNZ etaL 2001). 
These observations have stimulated us to seek sec- 

ondpry spontaneousmutationr inmaommy tumors aris- 
ing in tumop-prone transgenic mice. Onc a#ractivc f a -  
turc of thcse experiments is that the detection of a 
secondlvy mutation by DNA sequencing implies that it 
has COnfaFed a selective growth advantage, athcrwi it 
would not be present in a large enough pacentage of tu- 
mor cells to permit detection by sequencing of d h c -  
tionatcd tumor DNA In this way, we have shown that 
secondary mutations in H-Ras w encountmd in about 
half of breast tumors induced by an MMTV- WntZ trans- 
gene (Podqpdna et al. 2004). Such mutations are not 
found in tumors induced by an MMTV-NedERBB2 
transgene; this is presumably so because Rae proteins act 
in the same growth &tor signaling pathway. and thus, 
mutants would confer no growth advantage. Ras muta- 

in bi-transgenic mice, expressing both Wnt-Z and 
Nd4WBB2. Unexpectedly, however, the Wntl transgene 
removes the sektive pressure fbr the secondary muta- 

nase activity in tumors arising in mono-transgenic mice 
(Siege1 et al. 1994, Podsypanina et ai. 200s). Also unex- 
pectedly, Ras mutations do not occur in MMTV- WntZ tu- 
mors when they arc induced inp53deficient mice. An 
understanding of these gemtic interactions could help to 
predict which mutant cancer genes arc likely to coexist in 
tumors and which might be the best targets for therapeu- 
tic intervention. 

Additional insight into the interactions among mutant 
cancer g e m  can be obtained by expressing two or molc 
transgenic oncogtneq at kast one of which can be tran- 
scriptionally controlled. For example, we have built 
transgenic mice that express Myc and mutant H-Ras in 
mammary epithelium, with one or the other under the 
control of doxycycline, in order to determine whether 

gene, both, or neither with this genetic combination (K. 
Podsypanina et al., unpubl.). 

tions arc also not found in tbe tumors that rapidly appear 

t i o n ~  in the N4ERBB2 gene that c~mmonly enhance ki- 

oacogeae dependenceofensuiagnmron pertains to one 

Assewing Tumor Progression 

Approaches to targeted therapy remain limited by a 
poor undcmmding of metastasis, invasion, and angio- 
genesis-the aspccta of tumor progression that arc re- 
sponsible for the lethal effects of most tumors. Several 
papers address these issues (ate Egeblad et al.; Bissell et 
al.; Courtmidge et al.; G.P. Gupta et al.; all this volume; 
D. Hanahan, J.S. Brugge; both unpubl.). We have devel- 
oped a novel experimental system in which the progm- 
sion of phenotypes in a well-charactcrizcd model of pan- 
creatic islet cell tumors (Hanahan 1985) can be used to 
measure the effkcts of genes (or inhibitory RNAs) that 
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have been introdud into islet cells by cell-specifii in- 
foction with ncrovhpl vectors. in this strattgy, bi-trans- 
genic mice in which the rat Win promater drives pro- 
duction of the SV40 T antigen (RIP-Tag) and the avian 
retrovirus subgrollp A receptor (RIP-TVA) are infacted 
with avian RCAS vactors cncuding a vlrriety of factors 
that might influence tumor progression. Early results 
suggest that two suspecad progression factors, an anti- 
apoptotic protein (Bcl-xL) and a domiit-negative ver- 
sion of E-cadbetin (Naik et al. 1996; Per1 et al. 1998), 
each accelerate the formation of islet cell tumors with in- 
vasive Propttties (Y.4.N. Duet al., unpubl.). 

CONCLUSIONS 
As demonstrated in many papers in this volume, cancer 

research has progressed rapidly over the past three 
decades and is now well-positioned to contribute power- 
fully to the conttol of human cancer. However, the long- 
anticipated benefits for patients have a p p w d  only re- 
cently and in limited sactors of clinical oncology. A more 
deliberate e f f i  to catalog and comprehend the mutations 
that afflict all the common human cancms, and more in- 
novative approaches to therapeutic development will now 
be required to achieve the long-range goals of molecular 
oncology. 
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